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Biodiesel  production  through  transesterification  of  vegetable  oils  and  animal  fats  is  rapidly  increasing 
due  to  strong  governmental  policies  and  incentives.  However,  corresponding  increase  in  the  produc¬ 
tion  of  crude  glycerol  causes  mixed  effects.  Sustainable  biodiesel  production  requires  optimization  of 
its  production  process  and  drastic  increase  in  the  utilization  of  glycerol.  High  biodiesel  yields  and  low 
environmental  impacts,  with  respect  to  needless  waste  streams  are  mandatory.  As  such,  upgrading  of 
crude  glycerol  to  highly  pure  glycerol  and  subsequent  utilization  of  the  product  in  producing  value-added 
products  are  emerging  research  areas.  International  crude  glycerol  market  is  still  at  an  early  and  very 
unstable  stage.  Globally,  future  conditions  for  an  international  market  will  largely  be  decided  by  supply 
and  demand  of  glycerol  for  its  utilization  in  conventional  and  newly  developed  industries.  This  paper 
highlights  the  current  scenario  on  glycerol  production  from  biodiesel  industry,  its  global  market  and  its 
new  emerging  outlets  as  commodity  chemicals. 
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1.  Introduction 

The  unexceptional  opportunities  have  created  in  recent  decades 
to  replace  petroleum  derived  materials  with  bio-based  alternatives 
due  to  rapid  depletion  of  fossil  of  fuels  and  its  escalating  prices. 
Petroleum  is  a  non-regenerative  source  of  energy  and  it  is  also 
an  important  resource  of  the  modern  society  for  its  requirement 
in  applications  other  than  power  like  household  products,  cloth¬ 
ing,  agriculture,  as  a  basic  materials  for  synthetic  materials  and 
chemicals.  Nowadays,  fuel  crisis  has  globally  flounced  the  econ¬ 
omy  in  every  region,  particularly  the  oil  consuming  countries  due 
to  the  rapidly  decreasing  available  global  stocks.  Due  to  this  serious 
situation,  biodiesel  which  comes  from  100%  renewable  resources 
provides  an  alternative  fuel  option  for  future. 

The  annual  biodiesel  consumption  in  the  United  States  was  15 
billion  liters  in  2006.  It  has  been  growing  at  a  rate  of  30-50%  per 
year  to  achieve  an  annual  target  of  30  billion  liters  at  the  end  of 
year  2012  [1].  According  to  the  same  report  by  National  Biodiesel 
Board,  there  were  105  biodiesel  production  facilities  operating  in 
the  United  States  in  2007,  and  77  other  facilities  were  in  the  plan¬ 
ning  or  construction  stage.  If  all  of  these  facilities  are  realized,  the 
estimated  US  biodiesel  production  capacity  will  exceed  9.5  billion 
liters.  This  level  of  production  will  yield  nearly  1.2  million  met¬ 
ric  tons  of  crude  glycerol,  the  primary  co-product  of  the  biodiesel 
production  process. 

Purification  of  crude  glycerol  to  a  chemically  pure  substance 
results  in  a  valuable  industrial  chemical.  However,  purification 
is  costly  and  the  glycerol  market  is  already  saturated.  Thus,  the 
price  of  crude  glycerol  continues  to  decline  and  directly  affect 
on  biodiesel  production  cost.  This  trend  will  continue  as  more 
biodiesel  production  facilities  begin  production.  According  to  a 
report  [2],  the  biodiesel  production  cost  ranges  from  $0.1 7  to  $0.42 
per  liter  over  the  last  decade.  Today,  plenty  of  glycerol  stock  is  avail¬ 
able  in  the  world  market  and  its  price  is  declining  day  by  day.  The 
price  of  pure  glycerol  varied  from  $0.50  to  $1. 50/lb  and  crude  glyc¬ 
erol  from$0.04/kg  to  $0.33/kg  over  the  past  few  years  [3].  The  price 
of  glycerol  in  the  market  will  continue  to  drop  in  such  an  over  sat¬ 
urated  market.  Currently,  the  main  supply  of  glycerol  coming  into 
the  market  is  from  the  rapidly  growing  biodiesel  industry. 

Basically,  the  continuously  high  prices  of  glycerol  make  it  worth¬ 
while  for  users  to  be  reformulated  to  some  alternative  materials 
such  as  sorbitol  and  synthetic  glycerol.  Meanwhile,  sustained  low 
prices  encouraged  its  use  in  other  applications.  The  impact  of  the 
additional  huge  quantity  of  glycerol  on  its  prices  is  not  clear.  How¬ 
ever,  it  is  likely  that  if  new  uses  for  glycerol  are  not  found,  the 
glycerol  price  may  drop  to  a  level  that  even  justify  its  use  as  a 
burner  fuel,  which  cost  is  usually  about  5  cents/lb.  This  also  implies 
that  the  overproduction  of  low  grade  glycerol  would  impact  the 
viability  and  overall  economy  of  biodiesel  production  [4],  market 
price  stability  of  current  crude  glycerol  as  well  as  environmental 
concerns  due  to  improper  disposal  of  glycerol  [5].  The  high  bio¬ 
fuel  prices  and  historically  low  glycerol  prices  are  two  main  factors 
that  drive  researchers  to  discover  new  applications  of  glycerol  and 
provide  an  ideal  platform  for  chemical  and  pharmaceutical  indus¬ 
tries. 

The  objective  of  this  work  is  to  provide  a  critical  review  on  the 
formation  and  current  scenario  of  crude  glycerol  resulting  from 
biodiesel  production  and  to  provide  an  insight  into  the  impact  of 
this  crude  glycerol  over  the  biodiesel  production  cost  itself.  The 


study  also  provides  a  view  of  glycerol  market  and  its  new  outlets  at 
present  and  future  with  respect  to  the  production  of  glycerol-based 
value-added  products. 


2.  Properties  of  glycerol 

Glycerol,  commonly  known  as  glycerin  is  a  major  by-product  of 
biodiesel  manufacturing  process.  Generally,  approximately  4.53  kg 
of  crude  glycerol  is  created  for  every  45.3  kg  of  biodiesel  produced 
[6].  Glycerol  is  a  material  of  outstanding  utility  with  many  areas  of 
application.  A  unique  combination  of  physical  and  chemical  prop¬ 
erties  of  glycerol  makes  it  technically  versatile  product  which  is 
readily  compatible  with  many  other  substances  and  easy  to  han¬ 
dle.  Glycerol  is  also  virtually  nontoxic  to  human  health  and  also 
to  environment  [7].  Physically,  glycerol  is  a  water-soluble,  clear, 
almost  colorless,  odorless,  viscous,  hygroscopic  liquid  with  a  high 
boiling  point.  Chemically,  glycerol  is  a  trihydric  alcohol,  capable  of 
reacting  as  an  alcohol,  yet  stable  under  most  conditions.  A  list  of 
physical  and  chemical  properties  which  are  important  for  its  appli¬ 
cations  is  shown  in  Table  1  [8].  Glycerol  finds  application  in  a  broad 
diversity  of  end  users. 

A  glycerol  molecule  has  three  hydrophilic  hydroxyl  groups 
that  are  responsible  for  its  solubility  in  water  and  its  hygroscopic 
nature.  Therefore,  it  is  actually  has  multipurpose  substance  in 
many  applications.  Glycerol  can  be  used  as  a  renewable  source  for 
biodegradable  products  and  also  find  applications  in  green  refin¬ 
ery  process.  It  may  have  a  great  environmental  value  demanded 
by  modern  society  who  favors  the  non-dependence  on  depleting 
sources  of  petroleum  and  fossil  fuel  feedstock. 


Table  1 

Physical  and  chemical  properties  of  glycerol  [8]. 


Properties 

Values 

Chemical  formula 

CH2OH-CHOH-CH2OH 

Formula  weight 

92.09 

Form  and  color 

Colorless  and  liquid 

Specific  gravity 

1.260 5°/4 

Melting  point 

17.9°C 

Boiling  point 

290  °C 

Solubility  in  100  parts 

Water 

Infinity 

Alcohol 

Infinity 

Ether 

Insoluble 

Heat  of  fusion  at  1 8.07  °C 

47.49  cal/g 

Viscosity  of  liquid  glycerol 

At  100%  purity 

lOcP 

At  50%  purity 

25  cP 

Diffusivity  in 

(DL  x  105  sqcm/s) 

i-Amyl  alcohol 

0.12 

Ethanol 

0.56 

Water 

0.94 

Specific  heat  in 

15“C(cal/g“C) 

30  °C  (cal/g  °C) 

aqueous  solution 
(mol%) 

2.12 

0.961 

0.960 

4.66 

0.929 

0.924 

11.5 

0.851 

0.841 

43.9 

0.670 

0.672 

100 

0.555 

0.576 
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Table  2 

Typical  elemental  analysis  result  of  crude  glycerol  from  biodiesel  industry  [9]. 


Elements 

Weights 

Standard 

deviation 

Carbon  (C) 

52.77 

1.703 

Hydrogen  (H) 

11.08 

0.051 

Nitrogen  (N) 

<0.0001 

<0.0001 

Sulfur  (S) 

- 

- 

Balance  oxygen  (O) 

36.15 

- 

Table  3 

Quality  parameter  of  different  categories  of  glycerol  [11]. 

Parameter 

Crude 

glycerol 

Purified 

glycerol 

Refined/ 

commercial 

glycerol3 

Glycerol  content  (%) 

60-80 

99.1-99.8 

99.2-99.98 

Moisture  contents  (%) 

1. 5-6.5 

o 

p 

00 

0.14-0.29 

Ash  (%) 

1. 5-2.5 

0.054 

<0.002 

Soap  (%) 

3.0-5.0 

0.56 

N/A 

Acidity  (pH) 

0.7-1. 3 

0.10-0.16 

0.04-0.07 

Chloride(ppm) 

ND 

1.0 

0.6-9.5 

Color  (APHA) 

Dark 

34-45 

1.8-10.3 

a  Ref.  [12]. 


2.3.  Characteristics  of  glycerol 

Glycerol  is  a  material  of  choice  mainly  because  of  its  physical 
characteristics,  while  some  other  uses  rely  on  its  chemical  proper¬ 
ties.  Table  2  shows  the  typical  elemental  analysis  of  crude  glycerol 
generated  by  biodiesel  industry  indicating  that  the  major  elemental 
contents  of  this  material  are  C,  H,  and  O.  The  high  value  of  the  car¬ 
bon  content  (52.77%)  in  glycerol  make  it  renewable  energy  source 
for  various  applications  while  second  high  value  of  oxygen  content 
(36.15%)  suggests  that  it  is  indeed  a  valuable  compound. 

The  word  ‘glycerin’  generally  applies  to  purified  commercial 
products  containing  more  than  95%  of  glycerol  while  the  word 
'glycerol'  often  specifically  refers  to  the  chemical  compound  of 
1 ,2.3-propanetriol  and  to  the  anhydrous  content  in  a  glycerin  prod¬ 
uct  or  in  a  formulation.  Concentration  is  usually  by  weight  and 
is  normally  obtained  by  conversion  from  specific  gravity  mea¬ 
surements  made  at  either  20/20°C  or  25/25°C  [10].  In  addition, 
glycerol  can  be  categorized  into  three  main  types,  i.e.  crude  glycerol, 
purified/refined  glycerol  and  commercially  synthesized  glycerol. 
The  major  differences  between  these  three  types  of  glycerol  from 
biodiesel  industry  can  be  explained  by  their  properties  as  shown 
in  Table  3.  It  is  clear  from  this  table  that  differences  between  puri¬ 
fied  and  commercial  glycerol  are  minor  while  major  differences 
can  be  found  between  crude  glycerol  and  purified  glycerol.  Actu¬ 
ally,  the  purified  or  refined  glycerol  is  often  prepared  close  to  the 
quality  of  commercial  synthesized  glycerol  due  to  its  use  in  sensi¬ 
tive  materials  like  medicine,  food  and  cosmetic  products.  It  is  also 
noted  in  Table  2  that  crude  glycerol  is  of  60-80%  purity  compared 
with  purified  or  synthesis  glycerol  which  is  generally  close  to  100% 
pure  [11].  Similarly,  moisture,  ash  and  soap  contents  are  present  at 
higher  quantity  in  crude  glycerol.  The  acidic  value  of  crude  glycerol 
is  slightly  higher  than  others  and  color  is  also  dark  which  may  due 
to  the  presence  of  these  impurities  along  with  some  other  minor 
impurities. 

A  purified  or  refined  glycerol  from  crude  glycerol  from  biodiesel 
industry  is  generally  sold  as  99.5-99.7%  pure  in  the  market.  The 
common  purified  glycerol  available  in  the  market  is  manufactured 
to  meet  the  requirements  of  the  United  States  Pharmacopeia  (USP) 
and  the  Food  Chemicals  Codex  (FCC).  However,  technical  grades 
of  glycerin  that  are  not  certified  as  USP  or  FCC  are  also  available 
in  the  market.  Therefore,  the  quality  of  purified  glycerol  can  be 
identified  by  its  grade.  This  type  of  glycerol  can  be  divided  into 


Table  4 

Commercially  available  basic  grade  of  purified  glycerol  [13]. 


Grade 

Type  of  glycerol 

Preparation  and  usage 

Grade-I 

Technical  grade 
-99.5% 

Prepared  by  synthetic  process  and  used  as 
a  building  block  for  various  chemicals  but 
not  applicable  to  food  or  drug  formulation 

Grade-11 

USP  grade 

96-99.5% 

Prepared  from  animal  fat  or  plant  oil 
sources,  suitable  for  food  products, 
pharmaceuticals  and  cosmetics 

Grade-Ill 

Kosher  or  USP/FCC 
grade  99.5-99.7% 

Prepared  from  plant  oil  sources,  suitable 
for  use  in  kosher  foods  and  drinks 

three  basic  grades  on  the  basis  of  purity  and  potential  end-uses  as 
shown  in  Table  4.  This  table  also  provides  the  basic  source  of  each 
divided  glycerol  category  and  application  fields  for  each  category 
of  glycerol. 

As  a  matter  of  fact,  the  cheap  production  of  biodiesel  would 
entail  surplus  glycerol  production  (80-88%  purity)  that  does  not 
meet  the  purity  of  crude  glycerin  of  industrial  grade  (98%  purity) 
[14].  Crude  glycerol  originating  from  biodiesel  industry  is  expen¬ 
sive  to  be  purified  to  above  99%  for  use  in  food,  pharmaceuticals, 
or  cosmetics  industries.  The  refined  glycerol  market  looks  strong 
as  compare  to  crude  glycerin  market  and  it  may  be  due  to  its  new 
feed  and  chemical  applications. 

It  can  be  concluded  that  in  the  current  scenario  of  glycerol  mar¬ 
ket,  there  are  different  types  of  glycerol  available  in  open  market. 
The  types  of  glycerol  depend  on  the  purity  that  will  directly  affect 
the  end  uses  like  food,  pharmaceutical,  cosmetics  or  chemical  com¬ 
ponents  preparation.  It  is  also  a  notable  point  that  majority  of 
purified  glycerol  products  are  currently  based  on  crude  glycerol 
resulting  from  biodiesel  production. 

2.2.  Glycerol  formation  from  biodiesel  production  process 

Traditionally,  glycerol  is  obtained  from  four  different  processes, 
i.e.  soap  manufacture,  fatty  acid  production,  fatty  ester  production 
and  microbial  fermentation  [15,16].  However,  it  can  also  be  syn¬ 
thesized  from  propylene  oxide  [15].  The  reactions  for  the  direct 
transformation  of  vegetable  oils  and  animal  fats  into  methyl  esters 
and  glycerol  have  been  known  for  over  a  century.  Transesterifica¬ 
tion  of  triglycerides  such  as  rapeseed,  palm,  soybean  and  sunflower 
oils  has  gained  significance  for  the  role  in  the  manufacture  of  high 
quality  biodiesel  fuel  [  1 7,1 8  ].  Several  other  chemical  and  enzymatic 
processes  to  produce  fatty  acid  methyl  esters  from  vegetable  oil  are 
now  commercially  available  [19]. 

Actually,  glycerol  is  widely  available  and  is  rich  in  functional¬ 
ists.  Glycerol  is  found  naturally  in  the  form  of  fatty  acid  esters.  It 
is  also  an  important  intermediate  in  the  metabolism  process  of  liv¬ 
ing  organisms  [15].  The  most  common  way  to  produce  biodiesel  is 
to  transesterify  triacylglycerols  in  vegetable  oil  or  animal  fats  with 
an  alcohol  in  the  presence  of  alkali  or  acid  catalyst  [20].  Methanol 
is  the  most  commonly  used  alcohol  for  this  process  due  to  its  low 
cost.  This  process  involves  the  removal  of  the  glycerin  from  veg¬ 
etable  oil  or  fat.  During  this  process,  methyl  esters  are  separated  as 
the  desired  product  while  glycerin  is  left  behind  as  the  by-product. 
Crude  glycerol  is  normally  generated  at  the  rate  of  one  mol  of 
glycerol  for  every  three  mol  of  methyl  esters  synthesized.  Approx¬ 
imately,  it  constitutes  about  1 0  wt.%  of  the  total  product  during  the 
biofuel  production  [21  ]. 

Fig.  1  shows  the  basic  formation  of  crude  glycerol  during 
the  transesterification  process  [17],  Generally,  3  mol  of  methanol 
reacts  in  three  steps  with  glycerides  in  the  presence  of  catalyst 
to  form  methyl  esters  and  glycerol.  In  first  step  methanol  reacts 
with  triglycerides  to  form  diglycerides  and  methyl  ester  and  then 
methanol  reacts  again  with  diglycerides  to  form  monoglyrides 
and  methyl  ester.  These  monoglycerides  then  react  again  with 
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45.3  kg 

/  \ 

45.3  kg 

Vegetable  Oil  or 

Biodiesel 

Animal  Tallow 

V _ 

/"a  Transesterification 

(Methyl  Ester) 

4.5  kg 

Methanol 

4.5  kg 

Crude  Gh  cerol 

(Catalyst) 


Triglycerides  +  CH3OH 
Diglycerides  +  CH3OH 
Monoglycerides  +  CH3OH 


Diglycerides  +RiCOOCH3j 
Monoglycerides  +  R2COOCH3 
Glycerol  +  R3COOCH3 


Biodiesel 


Triglycerides  +  3  CH3OH  ^  Glycerol  +  Methyl  Esters  (Biodiesel) 

*  Where  Ri,  R2,  R3  are  hydrocarbon  chain  containing  15  to  21  carbon  atoms 
Fig.  1.  Formation  of  crude  glycerol  during  transesterification  process  [17], 

methanol  to  form  finally  glycerol  and  methyl  esters.  It  is  also  clear 
in  the  process  scheme  that  glycerol  is  produced  with  biodiesel  at 
a  ratio  of  1:10,  i.e.  for  every  45.3  kg  of  biodiesel,  4.53  kg  of  crude 
glycerol  is  produced.  Worldwide  biodiesel  industry’s  expansion  is 
practically  limited  by  high  capital  costs  for  glycerol  refinery.  The 
low  value  crude  glycerol  generally  has  80-88%  purity  and  needs 
further  purification  steps  to  meet  the  purity  of  industrial  grade 
glycerol  (99%  purity). 

It  can  be  concluded  that  the  planned  massive  increase  in  the 
production  of  biodiesel  may  inevitably  lead  to  a  large  oversupply  of 
crude  glycerol.  Some  producers  of  synthetic  glycerol  have  already 
responded  to  this  by  closing  their  units  which  may  not  compete 
under  these  market  pressures.  If  the  production  of  biodiesel  contin¬ 
ues  with  this  trend  rapidity,  it  might  be  possible  that  the  potential 
annual  glycerol  surplus  will  touch  its  peak  within  the  next  few 
years. 

2.3.  Impurities  in  crude  glycerol  from  biodiesel  industry 


operation  can  directly  affect  the  cost  of  refined  form.  Then,  this 
refined  glycerin  obtained  from  crude  glycerol  is  used  by  many 
industries,  including  food,  cosmetic  and  pharmaceutical  industries. 
The  remaining  weight  in  the  crude  glycerol  streams  is  mainly  due 
to  methanol  and  soap  [26].  Glycerol  purity  value  may  depend  upon 
its  purification  methods  used  by  its  processers  and  different  ini¬ 
tial  feed  stocks  used  in  the  biodiesel  production.  Thompson  and  He 
[22]  reported  that  mustard  seed  feed  stocks  had  a  low  purity  level 
of  glycerol  (62%),  soy  oil  feed  stock  had  slightly  high  purity  of  glyc¬ 
erol  (67.8%)  while  waste  vegetable  had  high  level  of  glycerol  purity 
(76.6%).  Simple  reason  for  this  difference  may  be  due  to  different 
concentrations  of  elements  present  in  crude  glycerol. 

Consequently,  if  glycerol  is  used  for  the  formation  of  consumer 
products  like  food  or  drug,  it  must  be  refined  well  beyond  the 
purity  at  which  it  comes  out  of  a  biodiesel  plant.  For  crude  glyc¬ 
erol,  it  might  be  easier  to  be  directly  used  for  chemical  component 
preparation  rather  than  for  food  or  drugs  preparation  that  require 
high  purity.  Therefore,  the  present  work  is  mostly  concerned  with 
biodiesel  based  crude  glycerol  originating  from  biodiesel  industry 
and  its  importance  for  upgrading  into  higher-value  compounds, 
thereby  allowing  the  biodiesel  production  to  become  more  cost- 
effective.  Hence,  much  emphasis  is  given  on  the  importance  of 
crude  glycerol  and  conversion  of  this  low-value  by  product  to 
value-added  compounds  so  that  a  better  production-consumption 
balance  can  be  achieved  in  the  crude  glycerol  market. 

3.  Global  status  of  glycerol  production 

The  biodiesel  production  is  increasing  worldwide  in  recent  years 
because  of  its  environmental  benefits  and  the  fact  that  it  is  made 
from  renewable  biological  sources  [27,28],  This  is  the  basic  reason 
for  increasing  quantity  of  glycerol  in  the  market.  Crude  glycerol  was 
also  obtained  as  by-product  from  soap  and  fatty  acid  production  in 
past  years.  Currently,  most  of  glycerol  is  produced  from  biodiesel 
production  process.  Therefore,  the  price  of  glycerol  is  determined 
by  the  demand  and  production  of  biodiesel  instead  of  soap  and  fatty 
acid. 


Crude  glycerol  has  low  economic  value  due  to  the  presence  of 
various  impurities.  Common  impurities  in  crude  glycerol  resulting 
from  biodiesel  industry  are  such  as  moisture,  ash,  soap  and  chloride 
contents.  These  impurities  along  with  acidity  and  color  intensity  are 
also  shown  in  Table  3.  Sometimes,  these  impurities  also  include 
residual  methanol  especially  when  the  alcohol  is  used  in  excess 
to  drive  chemical  transesterification  and  total  recovery  of  entire 
methanol  is  not  achieved.  On  the  other  hand,  some  free  fatty  acids 
present  in  the  initial  feedstock  can  react  with  alkalis  to  form  soaps, 
which  are  soluble  in  the  glycerol  layer. 

According  to  a  report,  crude  glycerol  from  biodiesel  industry 
contains  carbon  content  at  an  average  of  about  25%  and  a  small 
quantity  of  metals  like  Na,  Ca,  K,  Mg,  Na,  P,  and  S  could  also 
present.  The  quantities  of  these  metals  except  Na  usually  present 
in  the  range  of  4-163  ppm  while  sodium  content  could  exceed 
1%.  Other  than  metals,  crude  glycerol  from  the  transesterification 
process  also  contains  proteins  (0.06-0.44%),  fats  (1-13%)  and  car¬ 
bohydrates  (75-83%)  [22].  It  generally  consists  of  about  65-80% 
glycerol.  Some  biodiesel  plants  are  reported  to  produce  crude 
glycerol  which  consists  of  more  than  80%  glycerol,  depending  on 
specific  manufacturing  processes.  Refined  glycerol  has  about  99.5% 
purity,  after  undergoing  a  highly  energy  intensive  refining  process 
[23].  Gonzaler-Pajuelo  et  al.  [24]  and  Mu  et  al.  [25]  also  reported 
that  glycerol  could  made  up  anywhere  from  65%  to  85%  (w/w)  of 
the  crude  glycerol  streams. 

The  process  of  refining  glycerin  involves  the  removal  of  resid¬ 
ual  non-glycerol  organic  matters,  water,  salt  and  odors  and  the 


3.1.  Current  glycerol  production 

Biodiesel  industry  continuously  produces  huge  amount  of  crude 
glycerol  as  a  co-product.  It  is  predicted  that  if  the  production  of 
biodiesel  is  sustained  at  the  same  pace  in  future,  glycerol  may 
create  handling  problem  for  industrialists.  Therefore,  responsible 
authorities  in  biodiesel  producing  countries  should  take  necessary 
proactive  actions  to  stop  subsidies  for  its  production  in  order  to 
reduce  the  surfeit  of  crude  glycerol. 

The  glycerol  production  worldwide  remained  relatively  stable 
and  very  low  level  from  the  late  1990s  to  2003.  Then  biodiesel  pro¬ 
duction  slightly  increased  to  bring  about  corresponding  increase  in 
the  quantity  of  crude  glycerol  in  2004.  After  that,  biodiesel  produc¬ 
tion  drastically  increased  with  corresponding  huge  production  of 
crude  glycerin.  Fig.  2  clearly  shows  the  increasing  trend  of  crude 
glycerol  production  due  to  increasing  production  of  biodiesel  dur¬ 
ing  the  period  of  2004-2006  [29].  It  is  clear  from  the  figure  that 
glycerol  production  increased  by  an  approximately  a  factor  of  four 
times  from  62  million  lbs  to  213  million  lbs  in  a  mere  1  year  from 
2005  to  2006.  The  increasing  quantity  of  glycerol  was  obviously 
due  to  high  production  of  biodiesel  from  75  gallons  to  250  gallons 
during  2005-2006. 

The  National  Biodiesel  Board  [30]  reported  an  annual  produc¬ 
tion  of  450  million  gallons  of  biodiesel  in  2007,  which  was  a  sharp 
increase  from  less  than  100  million  gallons  in  2005.  The  production 
of  crude  glycerol  was  very  low  until  2005.  Basically,  glycerol  was 
produced  at  under  0.5  billion  pounds  by  European  Nations  only 
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|  a  Crude  glycerol  (80%)  B  Biodiesel  | 

Fig.  2.  Production  of  biodiesel  and  crude  glycerol  during  2004-2006  [29], 


before  2006.  After  that,  some  other  countries  like  USA,  Malaysia, 
Indonesia,  India  and  China  that  were  involved  in  the  production 
of  biodiesel  during  2006-2007  sharply  increased  the  production 
of  crude  glycerol.  After  2007,  the  production  of  crude  glycerol 
rapidly  increased  due  to  huge  production  of  biodiesel  by  all  these 
countries.  In  addition,  the  federal  government  of  Canada  aims  to 
produce  500  million  liter/year  of  biodiesel  by  the  year  201 0  to  meet 
the  Kyoto  protocol  [31].  According  to  the  BBI  International’s  Engi¬ 
neering  and  Consulting  team  [32],  biodiesel  manufacturers  created 
187,000  tons  of  crude  glycerin  in  2007.  In  addition,  there  was  a 
great  slump  in  imports  of  US  crude  glycerol  during  the  recent  years 
of  2008  and  2009. 

The  overall  crude  glycerol  market  in  the  United  State  was 
depressed  in  these  years.  This  was  due  to  Southeast  Asia  and 
Europe,  which  were  exporting  glycerin  to  the  United  States  in 
large  volume  and  at  low  cost.  This  was  a  direct  consequence  of  an 


increase  in  the  biodiesel  production  in  Southeast  Asia  and  Europe. 
At  the  same  time,  the  glycerol  market  also  experienced  a  drop  in  its 
demand  in  Asian  market  due  to  a  new  Argentine  biodiesel  market 
that  was  established  in  this  zone. 

3.2.  Projected  glycerol  production 

Actually,  glycerin  market  is  comparatively  small  on  a  global 
basis.  Current  global  production  of  glycerin  is  about  two  billion 
pounds  and  is  valued  at  one  billion  dollar  annually  [33].  The  main 
regions  where  crude  glycerol  is  produced  in  bulk  are  the  European 
Union,  the  United  States  and  South  East  Asian  countries.  Obviously, 
the  glycerol  market  is  worldwide  and  vulnerable  to  shocks  in  inter¬ 
national  market  even  though  it  is  just  a  small  market.  Presently, 
new  renewable  fuels  policies  are  going  to  be  implemented  in  devel¬ 
oped  and  developing  regions  like  European  Union,  United  States, 
South  East  Asia,  Canada  and  South  America.  Successful  implemen¬ 
tation  of  the  policies  will  ensure  that  the  glycerol  market  will 
increase  well  [34],  The  United  States  and  European  Union  currently 
dominate  the  biodiesel  and  glycerol  markets.  However,  significant 
growth  is  underway  in  South  East  Asia  and  China.  Furthermore, 
the  United  States  has  a  relative  advantage  over  the  EU  due  to  the 
difference  in  exchange  rates. 

Fig.  3  shows  the  clear  estimated  crude  glycerol  production 
resulting  from  biodiesel  production  in  different  countries  [35],  It 
is  clear  from  this  figure  that  the  estimated  production  of  glycerol 
would  reach  5.8  billion  pounds  in  2020.  This  is  due  to  demand  of 
biodiesel  that  is  projected  at  8  billion  gallons  in  2020.  It  is  also  clear 
from  this  figure  that  glycerol  production  was  very  low,  i.e.  less  than 
one  billion  lbs  before  2006  and  mostly  produced  by  the  European 
Union.  After  2006,  the  production  of  glycerol  rapidly  increased  and 
many  other  countries  like  USA,  Indonesia,  Malaysia,  China  and  India 
started  to  produce  glycerol.  The  production  of  glycerol  after  2006 
was  so  rapid  and  continued  so  that  its  production  reached  above  2 
billion  lbs  in  2009.  The  projected  data  suggest  that  the  glycerol  pro¬ 
duction  will  attain  4  billion  lbs  in  2015  if  its  production  increases 
at  the  same  pace.  The  estimated  quantity  will  touch  to  6  billion  lbs 
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Fig.  3.  Estimated  production  of  crude  glycerol  in  different  countries  [35]. 
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Table  5 

Sources  of  glycerol  during  1992-2008  and  in  estimated  year  2010  [37], 


Glycerol  sources 

World  glycerol  production  ( 

xlO3  metric  tons/year) 

1992 

1995 

1999 

2003 

2005 

2006 

2008 

2010 

Soaps 

208 

208 

198 

188 

167 

146 

125 

83 

Fatty  acids 

271 

292 

313 

333 

396 

438 

479 

521 

Biodiesel 

0 

42 

42 

167 

375 

521 

1125 

1583 

Fatty  alcohol 

83 

104 

125 

104 

125 

167 

250 

250 

Synthetic 

83 

83 

63 

63 

21 

0 

0 

0 

Others 

0 

0 

42 

63 

42 

0 

21 

21 

Total  production 

646 

729 

781 

917 

1125 

1271 

2000 

2458 

after  2020.  The  major  portion  of  projected  glycerol  quantity  in  2020 
belongs  to  EU  and  then  USA.  The  other  countries  those  will  boost 
glycerol  production  in  future  are  Malaysia,  India,  China,  Indonesia, 
Brazil,  Argentina  and  Colombia. 

In  Malaysia,  the  total  combined  capacity  of  biodiesel  plants 
was  about  1.5  million  tons  before  2007.  In  2008,  biodiesel  output 
increased  by  only  5%  due  to  the  high  prices  of  feedstock.  Accord¬ 
ing  to  a  report  [36],  the  figure  is  expected  to  show  a  30%  increase 
in  2009  as  companies  are  cranking  up  their  machines  when  the 
margins  started  to  appear  during  the  latter  half  of  2008.  It  is  also 
mentioned  in  this  report  that  another  four  plants  with  a  combined 
capacity  of  190,000  tons  are  going  to  install  for  a  commercial  pro¬ 
duction  by  the  end  of  2009.  According  to  this  data,  the  production 
of  biodiesel  in  Malaysia  may  increase  by  more  to  2  million  tons  at 
the  end  of  201 0.  Ultimately,  crude  glycerol  production  will  increase 
in  Malaysia. 

Consequently,  it  can  be  concluded  that  the  production  of  crude 
glycerol  resulting  from  biodiesel  is  rapidly  increasing  in  differ¬ 
ent  religions  of  the  world.  Hence,  new  uses  of  crude  glycerol  are 
required  to  absorb  the  problem  of  glycerol  glut  in  near  future  and 
researchers  should  study  in  depth  to  find  out  possible  means  for 
the  utilization  of  glycerol  in  economical  ways  for  further  defraying 
the  cost  of  biodiesel  production. 


4.2.  Comparison  of  supply  drivers  for  glycerol  production 

The  source  of  glycerol  was  shifted  from  one  of  the  most  popular 
supply  drivers,  i.e.  the  fatty  acids  industry  to  biodiesel  industry  in 
past  10  years  as  shown  in  Fig.  4  [38].  It  is  also  clear  from  this  fig¬ 
ure  that  fatty  acids  and  soap  manufacturing  were  two  main  sources 
for  glycerol  production  before  biodiesel  industry  boosted  up  during 
past  few  years.  In  1 999,  the  sources  for  production  of  glycerol  were 
fatty  acids,  soap  manufacturing  process,  fatty  alcohols  process  and 
biodiesel  process.  The  production  ratio  for  these  sources  was  at  47%, 
24%,  12%  and  9%,  respectively.  In  2009,  these  sources  of  glycerol 
were  completely  changed  and  they  at  21%,  6%,  8%  and  64%,  respec¬ 
tively.  Hence,  biodiesel  industry  jumped  up  for  biggest  change  in 
glycerol  supply  driver  from  9%  to  64%  and  fatty  acid  dropped  from 
47%  to  21%  during  the  same  period. 

The  increasing  population  of  the  world  might  be  a  factor  that 
urges  to  increase  the  consumption  of  fuel  energy,  i.e.  increase  the 
demand  of  fuel.  Therefore,  fuel  energy  is  shifting  from  petroleum 
to  biofuel  to  overcome  these  energy  crises.  Hence,  biodiesel  pro¬ 
duction  is  increasing  day  by  day  and  become  the  biggest  driver  of 
glycerol  in  the  last  few  years. 

4.3.  Influence  of  supply  drivers  on  fatty  acid  and  soap  industry 


4.  Glycerol  supply  drivers 

4.1.  Types  of  supply  drivers  involved  in  glycerol  production 

An  enormous  change  was  observed  between  supply  drivers  of 
glycerol  in  the  last  10  years.  Changes  in  glycerol  drivers  became 
prominent  after  2003  that  saw  rapid  increase  and  overcome  as  a  big 
source  in  2008  and  may  become  the  strongest  source  in  future  as 
summarized  in  Table  5  [37],  It  can  be  concluded  from  this  table  that 
fatty  acid  industry  was  a  strong  source  of  glycerol  until  year  2003. 
After  that,  the  contribution  of  this  source  slowly  decreased  and  in 
2008,  biodiesel  became  the  main  source  of  glycerol  production.  The 
reason  behind  this  increasing  trend  of  glycerol  production  was  the 
consumption  and  production  of  biodiesel  in  last  few  years. 

Another  notable  point  in  this  table  is  that  the  overall  pro¬ 
duction  of  glycerol  resulting  from  different  sources  slowly 
increased  from  646,000  MT/year  to  1,271,000  MT/year  during 
1992-2006.  The  sharp  increase  in  glycerol  production  was 
observed  (2,000,000  MT/year  and  above)  after  2006  and  onwards. 
In  addition,  the  production  of  synthetic  glycerol  was  only  observed 
during  1992-2005.  After  this  period,  its  production  became  vir¬ 
tually  zero.  This  is  may  be  due  to  high  economical  production  of 
glycerol  by  other  sources,  especially  from  biodiesel  source. 

It  can  be  summarized  that  quick  changes  in  supply  drivers  and 
production  of  glycerol  after  2006  was  attributed  to  biodiesel  indus¬ 
try.  The  increasing  quantity  of  crude  glycerol  may  go  to  useful 
purpose  or  just  a  waste.  It  means  that  the  utilization  of  glycerol 
in  the  world  should  increase  and  new  uses  of  glycerol  should  be 
identified  to  open  new  markets  of  glycerol  in  near  future. 


Soap  industry  has  conventionally  provided  most  of  the  glycerin 
for  a  domestic  market  in  developed  countries  like  USA.  Most  indus¬ 
trialists  of  soap  manufacturing  in  Europe  and  the  Unites  States  have 
limited  glycerol  refining  capacity.  The  depressed  price  of  glycerol  is 
another  factor  that  prevents  the  construction  of  new  refineries.  Due 
to  these  problems,  global  crude  glycerol  oversupply  crisis  is  contin¬ 
uously  rising.  Basically,  biodiesel  manufacturers  have  cut  into  the 
vegetable  oil  supply  and  driven  up  prices  across  the  board  and  ani¬ 
mal  fats  are  expected  to  be  a  significant  source  of  biodiesel  in  the 
future.  Thus,  natural  input  supplies  for  soap  manufacturing  will  be 
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Fig.  4.  Glycerol  supply  driver  trend  change  [38], 
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Fig.  5.  The  import  and  export  of  crude  glycerol  by  USA  during  2002-2007  [41  ]. 


more  difficult  and  more  expensive  if  biodiesel  goes  through  major 
sustainable  growth.  Soap  manufacturing  industrialists  are  already 
dealing  with  a  shortage  of  beef  tallow.  The  short  term  remedy  for 
soap  manufacturers  in  the  US  and  European  countries  is  by  import¬ 
ing  palm  oil  from  Malaysia  or  using  petrochemical  (synthetic)  stock 
[39].  If  these  manufacturers  are  unable  to  get  cheap  inputs  for  soap 
manufacturing,  the  production  will  move  from  these  countries  to 
some  other  countries  in  foreign  for  cheaper  labor  and  inputs. 

Ultimately,  the  recent  surge  in  biodiesel  production  may  be 
alarming  for  soap  manufacturers  due  to  its  impact  on  the  input 
cost  and  revenue  of  soap  manufacturing  industry.  According  to  cur¬ 
rent  scenario,  the  dramatic  increase  in  biodiesel  production  may 
drive  up  the  price  of  fatty  acid  inputs  and  further  reduce  the  price 
of  glycerol  in  the  near  future.  The  development  of  some  new  and 
alternative  uses  of  glycerol  may  promise  the  soap  producers  some 
relief  from  sagging  glycerol  prices  in  the  future. 

5.  Global  market  of  crude  glycerol 

According  to  a  current  scenario,  it  is  important  to  know  that 
there  are  two  different  types  of  glycerol  markets:  crude  and 
refined.  Recently,  the  market  for  crude  glycerol  has  been  relatively 
depressed  due  to  a  larger  supply  of  crude  than  the  ability  to  turn 
it  into  a  refined  product  while  the  market  for  refined  glycerol  is 
still  reasonably  good.  As  the  biodiesel  production  skyrockets,  the 
market  is  being  flooded  with  crude  glycerol.  The  American  crude 
glycerol  supply  may  be  distorted  after  a  period  of  stable  glycerol 
prices  and  a  sharp  fluctuation  during  the  commodity  bubble  in 
2008.  This  may  cause  to  pull  more  glycerol  out  from  already  stiff¬ 
ening  European  glycerol  market.  It  is  estimated  that  the  potential 
annual  glycerol  surplus  will  reach  around  1 .2  metric  tons  as  tar¬ 
geted  by  the  European  Union  and  US  to  be  achieve  at  the  end  of 
2010  [35], 

5.1.  Import  and  export 

As  a  by-product,  the  image  of  glycerin  shows  a  poor  visual  image 
towards  viability  and  economy  of  biodiesel  production  [40].  As  fuel 
consumption  is  increasing  globally  day  by  day  that  has  directly 
effected  on  biodiesel  production  and  indirectly  has  linked  with  the 
production  of  crude  glycerol.  Fig.  5  shows  the  import  and  export 
quantity  of  crude  glycerol  and  its  value  in  USA  during  the  period  of 


2002-2007  [41].  It  is  clear  from  this  figure  that  import  and  export 
fluctuated  over  this  period.  The  fluctuation  in  import  was  higher 
compare  with  that  in  export.  The  trend  of  imported  crude  glyc¬ 
erol  quantity  and  its  value  fell  and  touched  zero  in  2007.  However, 
the  value  of  crude  glycerin  export  was  slightly  stable  during  this 
period  2002-2007.  Actually,  after  2005,  the  USA  biodiesel  produc¬ 
tion  increased,  which  produced  enough  crude  glycerol.  It  might 
result  in  a  decrease  in  the  import  of  glycerol  after  2005. 

On  the  other  hand,  the  volume  of  refined  glycerol  exports  was 
increased  during  the  same  period  which  caused  a  decrease  in  the 
export  of  crude  glycerol  from  USA.  According  to  a  European  report 
[42],  refine  glycerol  market  is  described  as  being  strong  and  stable 
while  crude  glycerol  market  is  described  as  week  in  Europe.  The 
crude  glycerin  market  moves  at  low  levels  due  to  its  purity  (50-90%) 
due  to  water  and  residual  methanol  contents. 

Germany  and  Malaysia  are  the  two  largest  suppliers  of  glycerol 
in  the  world  (Table  6).  It  also  shows  the  import  of  crude  and  refined 
glycerol  by  USA  from  these  two  countries  (Germany  and  Malaysia) 
and  rest  of  the  world  [35],  Clearly,  the  import  of  crude  glycerol  from 
Germany,  Malaysia  and  rest  of  the  world  decreased  steadily  over 
time  2002-2007.  The  import  of  refine  glycerol  was  seem  to  be  sta¬ 
ble  compared  with  crude  glycerol  at  the  same  period  except  from 
Malaysia  where  its  import  increased  from  28  to  50  million  kg  dur¬ 
ing  2002-2004  and  then  decreased  to  46  million  kg  at  the  end  of 
2007.  The  fluctuation  in  the  import  of  crude  glycerol  may  be  due 
to  the  high  shipping  cost  of  crude  glycerol  from  different  countries 
to  the  United  States.  Some  time  shipping  cost  is  rather  high  so  that 
it  does  not  meet  the  market  price  for  crude  glycerol.  The  import 
of  crude  glycerol  from  Malaysia  also  decreased  in  the  same  period, 
but  it  is  covered  by  the  import  of  refine  glycerol  from  Malaysia 
during  2002-2007.  It  can  be  concluded  that  the  overall  crude  glyc¬ 
erol  import  decreased  but  refine  glycerol  import  increased  during 
2002-2007  period.  Moreover,  Malaysia  played  an  important  role 
for  import  of  both  types  of  glycerol  during  this  period. 

Palm  oil  industry  of  Malaysia  has  historically  made  the  country  a 
major  player  in  the  fatty  acids  for  biodiesel  production  that  directly 
influence  glycerol  market.  It  means  that  the  country  will  produce 
more  glycerol  in  future  due  to  flourishing  biodiesel  production  from 
palm  oil.  Therefore,  in  future,  Malaysia  might  become  the  biggest 
exporter  of  crude  glycerol  in  the  world.  It  can  also  be  predicted  that 
the  demand  of  refine  glycerol  may  increase  in  future  not  just  in  the 
US  but  all  over  the  world  due  to  opening  of  new  outlet  of  glycerol. 
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Table  6 

The  imported  quantity  of  refine  and  crude  glycerol  by  USA  [35], 


USA  import  glycerol  from  countries 

Year 

Germany 
( x  1 06  kg) 

Malaysia 
( x  1 06  kg) 

Rest  of  the  world 
(xlO6 kg) 

Total  quantity 
(xl06kg) 

2002 

14.5 

24.5 

6 

45 

2003 

4 

6 

4 

14 

2004 

9.5 

1.5 

12.5 

23.5 

Crude  glycerol 

2005 

1 

11 

24.5 

36.5 

2006 

6.5 

5 

7.5 

19 

2007 

0 

3 

3.5 

6.5 

2002 

14 

28 

14 

56 

2003 

14 

26 

20 

60 

2004 

16 

50 

27 

93 

Refine  glycerol 

2005 

25 

48 

16 

89 

2006 

25 

37 

15 

77 

2007 

18 

46 

20 

84 

It  is  also  a  notable  point  that  refined  glycerol  may  capture  more 
attention  in  future  market  compare  with  crude  glycerol  due  to  its 
utilization  and  demand.  Therefore,  crude  glycerol  may  need  to  be 
refined  locally  prior  to  its  export. 


5.2.  Supply  and  demand 

In  previous  decades,  glycerol  was  produced  as  a  by-product 
during  the  manufacturing  or  refining  of  several  chemicals  such  as 
petroleum,  soap  and  biodiesel.  Currently  supply  and  demand  of 
glycerol  totally  change  due  to  the  shifting  of  supply  derivers  from 
soap  and  fatty  acids  to  mostly  biodiesel  process.  The  glycerol  prices 
can  adjust  to  dealing  with  the  global  supply.  According  to  pre¬ 
viously  published  reports  [29,43],  crude  glycerol  prices  dropped 
from  25  cents/lb  in  2004  to  2.5-5  cents/lb  in  2006  because  the  U.S. 
demand  for  glycerol  was  not  large  enough  for  all  of  this  excess  glyc¬ 
erol  in  2007.  In  another  report  [44],  it  is  stated  that  traffic  fuels 
should  contain  at  least  5.75%  of  renewable  bio-components  at  the 
end  of  2010.  European  biodiesel  demand  could  increase  to  10  mil¬ 
lion  tons  yearly  by  the  end  of  2010,  which  will  produce  about  1 
million  tons  of  glycerol  as  a  by-product,  if  the  target  of  this  direc¬ 
tive  is  to  be  achieved  [45].  On  the  other  hand  if  the  United  States 
replaces  2%  of  the  on-road  diesel  with  biodiesel  in  a  B2  policy  by 
2012,  almost  362.872  million  kg  of  new  glycerol  would  be  added 


to  the  market  [46],  This  will  badly  affect  the  demand  and  supply  of 
crude  glycerol  in  USA  as  well  as  in  the  EU  countries. 

Fig.  6  shows  the  supply  and  demand  of  crude  glycerol  during 
2009  in  different  regions  where  crude  glycerol  played  a  vital  role 
to  their  economy  [38],  It  is  clear  from  figure  that  demand  was  high 
in  US,  Europe  and  China  during  2009  compared  with  other  coun¬ 
tries  where  demand  of  crude  glycerol  was  not  so  high  during  this 
time.  One  reason  for  increasing  demand  may  be  due  to  increasing 
consumers  of  personal  care  products  in  these  markets.  Presently, 
China  is  going  to  become  a  large  industry  for  personal  care  prod¬ 
ucts  because  increasing  Asian  people  going  for  cosmetics  and  other 
personal  care  products.  It  can  be  seen  in  this  figure  that  China  has 
high  demand  of  glycerol  after  the  US  and  Europe. 

It  is  clear  from  this  figure  that  the  glycerol  supply  during  2009 
mostly  originated  from  Europe,  ASEAN,  US  and  Latin  America.  In 
the  same  year,  the  supply  of  glycerol  from  these  countries  was 
4  times  less  than  its  demand  in  China.  It  might  be  possible  that 
the  fluctuation  in  demand  and  supply  is  due  to  development  of 
some  new  industries  in  ASAEN  regions.  These  new  industries  are 
mostly  related  to  personal  care,  new  chemicals,  food  products  and 
cosmetics. 

According  to  this  scenario  and  viewing  other  factors  like  glycerol 
market  value  that  directly  involved  for  costing  of  overall  biodiesel 
production  cost,  it  can  be  concluded  that  biodiesel  may  not  be  eco¬ 
nomically  feasible  any  more  under  these  circumstances.  Therefore, 
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Fig.  6.  Supply  and  demand  of  crude  glycerol  in  different  regions  during  2009  [38]. 
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Table  7 

Annual  glycerol  price  from  2001  to  2009  [3], 
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Type  of  glycerol 

Glycerol  price  (cent  per  pound) 

2001 

2002 

2003 

2004 

2005 

2006 

2007 

2008 

2009 

Synthetic 

72 

73 

90 

85 

85 

- 

- 

- 

- 

Refined 

60 

58 

65 

55 

45 

35 

70.5 

55 

41 

Crude 

15 

12 

12 

10 

5 

2 

10 

5 

6 

more  research  and  technological  development  will  be  needed  in 
future  to  letdown  the  cost  of  biodiesel  production.  Hence,  utiliza¬ 
tion  of  glycerol  in  new  industries  on  its  transformation  toward 
more  value-added  products  with  high  demand  may  be  one  of  the 
best  solutions  to  overcome  this  problem. 


6.  Impact  of  glycerol  price  on  biodiesel  cost 

6.3.  Relationship  between  biodiesel  production  cost  and  glycerol 
price 

A  major  obstacle  in  the  commercialization  of  biodiesel  is  its 
high  cost  of  manufacturing,  particularly  with  respect  to  the  raw 
material  cost.  Biodiesel  usually  costs  over  US$0. 5/L  and  its  cost  is 
approximately  1.5  times  that  of  petroleum-based  diesel  depending 
upon  feedstock  oils  [47,48].  According  to  Nelson  et  al.  [49],  the  sig¬ 
nificant  factors  that  affected  the  cost  of  biodiesel  were  feedstock 
cost,  plant  size,  and  value  of  the  glycerin  by-product.  You  et  al. 
[9]  reported  that  among  the  system  variables  of  the  plant  exam¬ 
ined,  plant  capacity,  price  of  feedstock  oil,  and  yields  of  glycerol  and 
biodiesel  were  found  to  be  the  most  significant  variables  affecting 
the  economic  viability  of  biodiesel  production  process.  According 
to  Zhang  et  al.  [50],  the  glycerol  credit  could  lead  to  approximately 
13-14%  reduction  in  total  production  costs  of  biodiesel  fuel. 

Consequently,  it  is  concluded  that  the  fluctuation  in  cost  of  oil 
feedstock  and  glycerol  credit  will  affect  the  increase  or  decrease 
in  the  capacity  of  the  biodiesel  plants  as  well  as  production  cost 
of  biodiesel.  Therefore,  it  can  be  assumed  that  biodiesel  total  pro¬ 
duction  cost  is  directly  proportional  to  the  cost  of  oil  feedstock  and 
inversely  proportional  to  glycerol  credit. 


6.2.  Unstable  price  of  glycerol 

Currently,  biodiesel  production  results  in  a  rapid  increase  in  the 
availability  of  crude  glycerol  worldwide  and  now  refineries  have 
hit  the  limits  of  their  capacity.  The  prices  for  crude  glycerol  have 
fallen  through  the  floor,  falling  down  to  zero  and  even  negative 
as  producers  of  glycerol  (especially  biodiesel)  are  forced  to  pay  to 
have  it  taken  away  from  their  plants  and  incinerated  [51].  On  the 
other  hand,  the  prices  for  refined  glycerol  have  not  varied  inversely 
with  biodiesel  production,  as  might  be  expected.  Instead,  prices 
halved  between  2003  and  2006,  while  growing  by  69%  between 
July  2007  and  July  2008  due  to  other  exogenous  factors  such  as  its 
demand  in  ASEAN  [52].  From  the  1970s  until  the  last  fewyears,  high 
purity  natural  glycerol  had  a  fairly  stable  price  from  about  $1200 
per  ton  to  $1800  per  ton  [51].  This  was  based  on  stable  markets 
and  production.  In  2000  onwards,  the  glycerol  market  became  tight 
due  to  increasing  production  of  crude  glycerol.  This  oversupply  of 
glycerol  has  significantly  affected  its  price.  Table  7  shows  the  price 
of  different  glycerol  categories  from  2001  to  2009  [3[.  It  is  clear 
from  this  table  that  there  is  a  decreasing  trend  in  refined  and  crude 
glycerol  prices  during  2001  -2007.  In  2007,  the  price  of  both  type  of 
glycerol  was  found  to  increase  to  very  high  levels  only  to  witness 
significant  decreases  in  the  following  years. 

The  price  trends  of  different  types  of  glycerol  during  2005-2009 
are  shown  with  better  detail  in  Fig.  7  [38].  It  can  be  seen  that  price 
trends  of  all  type  of  glycerol  even  refine  glycerol  decreased  from 
2005  to  first  quarter  of  2007.  Then  an  increase  was  noted  in  the 
middle  of  year  2007  that  continued  at  the  end  of  2007.  These  prices 
of  glycerol  were  skyrocketing  at  the  start  of  year  2008.  After  that 
prices  started  to  decline  sharply  till  the  end  of  year  2008  and  then 
again  became  stable  at  their  lowest  prices  in  year  2009.  The  reason 


Fig.  7.  The  price  trend  of  different  types  of  glycerol  during  2005-2009  [38], 
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Fig.  8.  Impact  of  glycerol  price  on  the  cost  of  biodiesel  fuel  during  1997-2001  [50], 


behind  increasing  these  prices  of  glycerol  during  2007-2008  was 
the  glycerol  supply  that  began  to  decline  rapidly  during  2007-2008. 
The  glycerol  supply  was  disturbed  due  to  escalating  prices  of  seed 
oils  during  that  period  which  directly  affected  the  prices  of  glycerol 

[3]. 

According  to  Erik  Groen’s  report  on  glycerol  price  in  Europe  [53], 
it  is  possible  that  glycerol  price  might  increase  in  near  future  after 
start  up  of  renewable  propylene  glycol  (PG)  plant  by  Archer  Daniels 
Midland  Company.  It  will  potentially  take  1 25,000  tons/year  out  of 
the  crude  glycerin  market.  The  tighter  market  will  increase  prices 
even  more. 

It  is  concluded  that  fluctuation  in  glycerol  pricing  is  due  to  over¬ 
supply  of  glycerol  resulting  from  biodiesel  production  process.  The 
fluctuation  in  price  of  glycerol  from  1995  to  2006  may  primarily 
be  attributed  to  the  slowly  increasing  production  of  biodiesel.  The 
increasing  price  of  glycerol  during  2007-2008  was  due  to  an  imbal¬ 
ance  between  supply  and  demand  of  glycerol  in  global  market  while 
the  drop  in  prices  after  2008  was  due  to  oversupply  of  glycerol.  This 
may  also  be  caused  by  the  global  economic  recession  and  the  excess 
production  of  biodiesel  in  those  years  (Table  7). 

6.3.  Effect  of  glycerol  price  instability  on  biodiesel  production  cost 

In  the  context  of  biodiesel  market,  the  low  value  of  glycerol  plays 
a  vital  role  because  it  is  a  major  by-product  in  the  formation  of 
biodiesel.  Previous  studies  [25,54,55],  stated  that  the  production 
cost  of  biodiesel  was  found  to  vary  inversely  and  linearly  with  vari¬ 
ations  in  the  market  value  of  glycerol.  A  report  from  WOOC  (2007) 
[56]  indicates  that  the  price  trend  of  glycerol  was  decreasing  over 
the  last  decade  while  production  of  glycerol  was  increasing  due  to 
the  increase  in  biodiesel  production.  According  to  Fan  et  al.  [57], 
biodiesel  production  cost  could  be  reduced  by  25%  by  increasing 
value  of  crude  glycerol  as  its  feedstock. 

The  impact  of  glycerol  price  on  biodiesel  production  cost  during 
1997-2001  is  shown  in  Fig.  8  [50].  It  is  clear  from  this  figure  that 
biodiesel  cost  correlate  with  the  glycerol  market  price.  Although, 
this  impact  was  not  very  high,  it  was  considerable  on  the  total  cost 
of  biodiesel  manufacturing.  This  figure  suggests  that  biodiesel  man¬ 
ufacturing  cost  increased  to  above  600  US$/ton  during  1998-1999 
due  to  a  decrease  in  glycerol  price  from  600  to  500  USD/ton.  This 
cost  then  decreased  to  below  600  USD/ton  when  glycerol  market 
price  increased  to  above  USD  1000/ton  during  2000-2001  period. 


Actually,  the  import  of  glycerol  increased  during  2000-2001  in 
the  United  States  and  Europe  due  to  increased  consumption.  This 
directly  affected  the  price  of  glycerol  and  caused  a  price  increasing 
during  this  period  as  also  reported  by  Singhabhandhu  and  Tezuka 
[58], 

The  sharp  increase  in  the  price  of  glycerol  during  2007-2008 
might  be  due  to  increasing  demand  of  glycerol  for  new  outlook. 
Similarly,  cost  of  crude  glycerol  can  be  directly  correlated  with 
biodiesel  price  as  shown  in  Fig.  9  [59],  It  is  clear  from  the  figure 
that  offsets  price  of  a  biodiesel  increases  with  increasing  crude 
glycerol  price.  There  is  a  linear  correlation  between  glycerol  price 
and  biodiesel  manufacturing  cost.  Actually,  by  opening  new  outlets 
of  crude  glycerol,  an  increase  in  its  demand  which  is  directly  linked 
to  the  overall  cost  of  production  of  biodiesel  could  be  achieved. 
According  to  another  report  [60],  the  cost  of  biodiesel  looked 
very  high  at  the  start  of  biodiesel  production  due  to  a  forma¬ 
tion  of  crude  glycerol.  This  cost  of  biodiesel  could  decrease  with 
increasing  utilization  of  crude  glycerol  to  produce  value-added 
products. 

These  results  indicate  that  the  amount  of  produced  crude  glyc¬ 
erol  as  a  by-product  has  a  significant  effect  on  the  net  value  of 
the  total  manufacturing  cost  of  biodiesel.  This  cost  varies  inversely 
with  variations  of  glycerol  price  in  the  market.  Thus,  the  seem¬ 
ingly  large  fluctuation  in  glycerol  price  has  a  considerable  impact 


Fig.  9.  Crude  glycerol  impact  on  the  cost  of  biodiesel  [59], 
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Table  8 

List  of  currently  available  and  predicted  outlets  for  crude  glycerol. 
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Field  of  application  New  applications  of  glycerol 


Remarks 


Chemical  industry 


Commodity  chemicals 


Pharmaceutical  and  oral 
care 


Food 


Livestock  feed 


Energy  as  fossil  fuel 
substitution  and  biogas 


Biotechnology 


Miscellaneous 


Textile  industry,  plastic  industry, 
explosives  industry,  polymer  industry 


Natural  organic  building  blocks 


Additive  in  drugs,  heart  disease  drugs, 
love  potion,  health  supplements, 
cosmetics,  tanning  agent 


Safe  sweeteners,  preservation, 
thickening  agent 

Cow  and  other  animals  feed,  pigs  diet, 
poultry  feed 

Liquid  fuel,  conversion  into  ethanol  or 
hydrogen,  burning  as  fuel  pellets, 
combustion  in  incinerators, 
combustion  as  boiler  fuel 


Organic  acid,  Omega-3,  succinic  acid  by 
fementation,  EPA  by  fungus 


Basic  materials,  hydraulic  and 
fire-resistant  fluid,  de-icing  aircraft, 
thermo-chemical  products 


For  formation  of  a  stain-resistant  chemical  and  use  for  lubricating,  sizing  and  softening  to 
yarn  and  fabric  [69]  and  as  a  substitute  for  petroleum-based  polypropelene  in  a  textile 
[70].  In  the  formation  of  nitroglycerin  compound  which  is  commonly  used  in  all  types  of 
explosives  [71  ].  Use  as  a  component  to  produce  polyglycerol  ester  (surfactants  and 
lubricants),  polyglycerol  methacrylates  (improve  wood  stability),  polyester 
polyols/polyurethanes  (applied  as  coatings,  foams,  and  sprays)  [72]. 

For  formation  of  natural  organic  building  blocks  [73]  especially  for  formation  of  acrolein, 
dichloropropanol,  epichlorohydrin,  1,3-propanediol,  1,2-propanediol,  glycerol  carbonate, 
DAG,  MG,  oxygenate  fuels,  glyceric  acid,  tartronic  acid,  and  mesoxalic  acid  [74-76].  For 
formation  of  monoglyceride  [77,78].  In  antifogging  and  antistatic  additives,  lubricants,  or 
plasticizers  as  di  and  tri-glycerol  (polyglycerols)  [79,80]. 

As  an  additive  use  in  cough  syrup,  toothpaste,  skin  care,  hair  care  medicated  soap  and 
many  others  drugs  like  expectorants,  ointments,  plasticizers  for  medicine  capsules,  ear 
infection  medicines,  anesthetics,  lozenges,  gargles,  and  as  a  carrier  for  antibiotics  and 
antiseptics.  Also  as  an  ingredient  in  laxatives  in  the  form  of  liquid  enema,  elixirs  and 
expectorants  [81  ].  Use  in  cosmetics  for  improving  smoothness  and  as  a  humectant  where 
moisturization  is  desired.  Formation  of  tanning  agent  like  dihydroxyacetone  [82], 

As  a  thickening  agent  and  an  ester  in  shortenings  and  margarine  [83].  As  an  artificial 
sweetener,  especially  in  low-fat  foods,  since  it  is  better  for  blood  pressure  than  sugar  and 
more  useful  for  sugar  patients  [84]. 

Use  as  dairy  cows  feed  in  order  to  prevent  ketosis  [85].  As  feed  of  pigs  due  to 
metabolizable-to-digestible  energy  ratio  of  glycerol  is  similar  to  corn  or  soybean  oil  [86] 
and  as  a  feed  of  broiler  chickens  [87]. 

Form  of  glycerol  blend  for  biomass  conversion  to  liquid  fuel  [88].Trying  to  convert  glycerol 
into  ethanol  in  an  anaerobic  environment  [89].  Aqueous  phase  reforming  transforms 
glycerol  into  hydrogen  [89,90].  Glycerol  fuel  pellets  can  use  as  fuel  instead  of  coal  [68].  To 
increase  the  biogas  production  of  anaerobic  digesters  [70,91].  Combustion  in  incinerators 
for  heat  or  dispose  off  [41  ].  Use  as  boiler  fuel  due  to  heating  value  is  roughly  9000  BTU/lbs 
[61  ].  One  ton  of  glycerol  can  be  produced  600  m3  of  biogas  [92].  Suitable  for  blending 
agent  in  gasoline,  biodiesel  and  diesel  fuels  [93]. 

Formation  of  citric  acid  by  by  the  yeast  Yarrowia  lipolytica  [94],  acetic  acid,  butyric  acid 
and  lactic  acid  by  anaerobic  fermentation  [61  ].  Omega-3  polyunsaturated  fatty  acids  by 
developing  algal  fermentation  [95].  Eicosapentaenoic  Acid  (EPA)  formation  by  the  fungus 
Pythium  irregular  [26].  Feedstock  in  Anaerobiospirillum  succiniciproducens  for  the 
production  of  succinic  acid  [96]. 

As  a  substitute  for  petroleum-based  polypropylene,  a  textile,  and  in  both  rigid  and  flexible 
industrial  foams  [70].  It  can  be  formulated  into  composites,  adhesives,  laminates,  powder 
and  UV-cured  coatings,  mouldings,  novel  aliphatic  polyesters,  co-polyesters,  solvents, 
anti-freeze  and  other  end  uses  [74,97,98].  In  hydraulic  fluids  and  fire-resistant  fluids 
comprising  glycerol-containing  [99],  Use  as  an  ingredient  in  products  for  de-icing  aircraft 
[100].  Thermochemically  conversion  into  propylene  glycol,  acetol,  or  a  variety  of  other 
products  [101,102]. 


on  the  biodiesel  price.  However,  glycerol  is  indeed  a  valuable  by¬ 
product  with  much  potential  as  a  feedstock  to  various  value-added 
products.  As  such,  successful  utilization  for  non-conventional 
applications  could  add  an  appreciable  credit  to  reduce  the  total 
manufacturing  cost  of  biodiesel  fuel. 

7.  Global  utilization  of  glycerol 

A  crude  glycerol  glut  is  created  due  to  rapidly  expanding 
biodiesel  industry.  Therefore,  biodiesel  producers  are  seeking  alter¬ 
native  methods  for  its  utilization  or  disposal.  Various  methods  for 
disposal  and  utilization  of  this  crude  glycerol  have  been  attempted, 
including  combustion,  composting,  anaerobic  digestion,  animal 
feeds,  and  thermo-chemical  or  biological  conversions  to  value- 
added  products  (Table  8).  Crude  glycerol  is  usually  sold  to  large 
refineries  for  upgrading.  In  recent  years,  however,  with  the  rapid 
expansion  of  biodiesel  industry,  the  market  is  flooded  with  exces¬ 
sive  crude  glycerol.  As  a  result,  biodiesel  producers  only  receive 
2.5-5  cents/lb  for  this  glycerol  [61  ]. 

7 A.  Conventional  and  current  glycerol  usages 

A  comparison  between  important  applications  of  glycerol  dur¬ 
ing  1995  [62]  and  2006  [63]  is  shown  in  Fig.  10.  This  figure  contains 
a  complete  breakdown  of  current  and  previous  glycerol  consump¬ 
tion  according  to  its  end  uses.  In  the  figure,  clearly  the  top  category 


belongs  to  the  usage  in  personal  care  and  pharmaceutical  indus¬ 
tries.  The  demand  of  this  category  increased  from  26%  to  34%  during 
1995-2006.  Actually,  glycerol  is  an  ideal  ingredient  in  many  per¬ 
sonal  care  products,  mostly  helping  to  prevent  moisture  loss.  In 
pharmaceuticals,  it  provides  lubrication  and  smoothness  to  many 
cough  syrups  and  elixirs. 

For  oral  care  products,  glycerol  is  commonly  found  in  tooth¬ 
paste,  mouthwash  and  sugar  free  gum  giving  a  sweet  taste  without 
contributing  to  tooth  decay  as  well  as  in  cosmetics  to  hold  moisture 
against  the  skin  to  prevent  dryness  [64].  According  to  statistics  of 
glycerol  application  in  2005,  glycerol  resale  was  the  second  big  cat¬ 
egory  (17%)  as  shown  in  Fig.  9.  The  resale  of  glycerol  may  decrease 
slowly  or  distributed  into  some  other  glycerol  based  products  like 
increasing  trend  of  cosmetic  or  may  be  due  to  development  of  some 
new  outlet  during  that  period.  Therefore,  there  was  no  opportunity 
for  resale  of  glycerol  in  2006. 

It  can  be  seen  in  the  figure  that  the  usage  of  glycerol  in  paper 
industry  is  replaced  by  detergent  production  in  2006.  Glycerol  is 
also  a  source  of  carbohydrates  and  gives  a  sweet  taste  but  it  does 
not  cause  an  insulin  secretion  during  the  digestion  process.  Glyc¬ 
erol  is  also  used  as  humectants  in  food  products  which  helps  to 
preserve  food  and  keep  it  fresh  for  long  times.  Therefore  glycerol 
demand  is  increasing  in  food  industry.  According  to  the  statistics 
on  glycerol  usages,  1 1%  of  overall  glycerol  was  used  in  food  indus¬ 
try  and  6%  in  tobacco  in  2006  compared  to  8%  and  4%  in  2005.  In 
the  manufacturing  of  tobacco,  glycerin  is  used  as  a  humectant  and 
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Fig.  10.  Comparative  end  use  of  glycerol  during  (a)  1995  [62]  and  (b)  2006  [63]. 


a  sweetener  [65].  It  is  used  as  plastic  layer  in  cigarette  paper  as  well 
as  a  sweetener  in  chewing  tobacco. 

The  application  of  glycerol  as  a  formulation  of  some  alkyd  resins 
is  also  increasing  presently.  According  to  Fig.  10,  it  can  be  con¬ 
cluded  that  glycerol  utilization  in  alkyd  resins  industry  increased 
from  6%  to  8%  during  these  years.  These  materials  are  used  as  pro¬ 
ductive  surface,  especially  in  paints  and  components  of  plastics. 
Glycerol  usage  as  polyether  or  alcoholic  hydroxyl  group  polyol 
was  also  increased  in  last  decade.  Basically,  it  provides  one  of 
the  basic  chemical  building  blocks  for  the  construction  of  rigid 
polyurethane  foams.  The  application  of  glycerol  as  ester  or  triacetin 
remained  round  about  same  (10-11%)  during  1995  and  2006.  They 
are  artificial  compound  which  are  used  mostly  as  food  additive  and 
pharmaceutical.  Another  common  use  of  crude  glycerin  is  to  burn 
the  substance  with  a  light  temperature  of  (29-300  °C)  for  heating 
of  industrial  boilers  [3].  The  application  of  glycerol  is  also  emerging 
in  explosive  industry.  It  is  used  for  the  production  of  nitroglycerin 
which  is  extremely  powerful  than  TNT.  Therefore,  glycerol  is  using 
now  as  a  component  during  explosive  process  and  its  consumption 
in  explosive  industry  was  noted  2%  in  year  2006  [63]. 

It  can  be  concluded  that  glycerol  is  a  non  toxic  element  and  an 
environmental  friendly  product.  Therefore,  its  allowable  quantity 
can  be  used  in  food,  tobacco  and  drug  manufacturing  industries  as  a 
supplement  is  high.  For  large  scale  biodiesel  producers,  crude  glyc¬ 
erol  can  be  refined  into  a  pure  form  and  then  it  can  be  used  in  food, 
pharmaceutical,  or  cosmetics  industries.  For  small  scale  producers, 
however,  purification  may  too  expensive  to  perform  in  their  man¬ 
ufacturing  sites.  Hence,  new  economical  applications  of  glycerol 
might  be  a  possible  solution  to  overcome  this  problem.  Thus,  some 
new  glycerol  based  products  should  be  added  in  the  present  market. 
Due  to  this  fact,  some  conventional  and  uneconomical  applications 


of  glycerol  may  disappear  from  upcoming  market.  As  a  result,  glyc¬ 
erol  price  may  rise  again  that  will  help  to  hail  its  glut  resulting  from 
biodiesel  production  process  [62]. 


7.2.  Region-wise  application  of  glycerol 

The  important  applications  of  glycerol  are  regionally  deter¬ 
mined  in  as  shown  in  Fig.  11  [66],  The  regional  difference  between 
the  percentage  of  this  share  in  three  main  regions,  i.e.  Europe,  USA 
and  Japan  is  shown.  For  the  United  States,  the  largest  distinguished 
single  application  is  personal  and  oral  care  products,  which  is  above 
40%.  In  Japan,  the  largest  discerned  single  application  of  glycerol 
(25%)  is  for  pharmaceuticals  and  the  second  largest  identified  appli¬ 
cation  is  for  personal  and  oral  care  (above  15%).  For  the  United 
States,  the  second  largest  application  is  for  food  and  beverages 
(22%).  Some  10%  of  the  European  glycerol  market  is  intended  for 
application  in  food  and  beverages  with  another  8%  contribution  for 
pharmaceuticals.  Glycerol  is  used  in  nearly  every  industry.  With 
dibasic  acids  such  as  phathalic  acid,  it  reacts  to  make  the  impor¬ 
tant  class  of  products  known  as  alkyd  resins,  which  are  widely 
used  in  coating  materials  and  paints  [67].  Alkyd  resins  market  has 
been  increasing  in  the  United  States,  Europe  and  Japan  where  it 
contributed  about  6%,  4%  and  2%,  respectively.  Polyether  polyols 
have  their  largest  share  in  the  European  market  with  about  12%  as 
compared  to  8%  in  the  USA  and  6%  in  Japan. 

It  can  be  concluded  that  glycerol  application  varies  in  different 
regions.  It  may  be  due  to  different  culture,  living  style  and  weather 
of  different  regions.  Other  factors  are  such  as  the  size  of  population, 
occupied  area  and  production  policies  of  these  regions. 


7.3.  Demand-wise  applications  of  glycerol 

Fig.  12  illustrates  the  demand  of  crude  glycerol  according  to 
its  application  in  the  different  fields  [37].  This  figure  also  shows 
a  comparative  increasing  percentage  of  crude  glycerol  between 
its  traditional  and  new  alternative  uses.  According  to  this  figure, 
the  overall  increase  can  be  seen  in  crude  glycerol  demand  (above 
127%)  for  the  upcoming  year  (201 0)  as  compared  to  that  of  2005.  In 
the  projected  year  2010,  it  is  predicted  that  usage  of  glycerol  may 
increase  by  94%  for  new  alternative  applications  compared  with 
conventional  application  that  may  increase  by  just  about  33%. 

The  conventional  application  of  glycerol  may  increase  by  18.8% 
in  organic  growth,  9%  in  China  growth  and  5.5%  in  additional  substi¬ 
tution  applications.  For  new  alternative  areas,  most  of  applications 
are  going  toward  feedstock/disposal  and  value  added  biochemi¬ 
cal  fields  with  increasing  margins  of  48.5%  and  45.4%,  respectively. 
The  feedstock  applications  belong  to  be  available  for  crude  glycerol 
for  feed  production  of  animals  or  poultry.  Meanwhile,  the  disposal 
applications  will  be  contributed  by  the  usage  of  crude  glycerol  for 
biogas  production  or  glycerol  soaked  wood  burn  for  heat  purpose 
[68], 

Presently,  some  US  based  companies  such  as  Procter  &  Gamble, 
Cargill,  Archer  Daniels  Midland  (ADM)  and  Vantage  Oleochemicals 
are  refining  the  crude  glycerol  and  manufacturing  everything  from 
common  use  toothpaste  to  polyols  as  value-added  chemicals  and 
then  selling  them  to  market  [53].  It  means  that  big  and  famous 
companies  are  also  helping  to  utilize  glycerol  for  production  of 
value-added  products.  With  the  help  of  such  companies,  it  might 
be  possible  that  new  alternative  uses  of  glycerol  may  rise  in  the 
future. 

It  can  be  analyzed  from  Fig.  12  that  crude  glycerol  demand  for 
new  alternative  uses  may  be  three  times  higher  than  its  conven¬ 
tional  applications  in  future.  New  alternatives  in  the  future  might 
be  involved  in  its  applications  as  feedstock,  disposal  or  value  added 
bio/chemical  products.  It  can  also  be  predicted  that  in  future  crude 
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glycerol  might  be  used  in  higher  quantity  for  application  of  value- 
added  chemicals’  production  like  glycol  and  epichlorohyrine. 

7.4.  Outlook  of  biodiesel-based  glycerol  applications 

Current  market  is  being  flooded  with  crude  glycerol  due  to 
exponentially  growing  production  of  biodiesel.  Therefore,  biodiesel 
producers  are  seeking  some  new  value-added  usage  of  crude  glyc¬ 
erol  for  up  coming  future.  The  reason  behind  it  is  prohibitively 
cost  to  convert  and  purify  crude  glycerol  into  some  conventional 
materials  that  can  be  used  for  food,  cosmetics  or  drug  industries 
[37,68], 


There  is  a  big  range  of  glycerol  application  that  starts  from 
energy  bars  to  cough  syrups  and  goes  through  till  boat  coatings. 
According  to  SDA  report  [10],  there  are  more  than  1 500  uses  of  glyc¬ 
erol.  The  crude  glycerol  derived  from  biodiesel  production  through 
transesterification  process  can  be  used  for  these  applications  after 
subjecting  it  to  several  purification  processes.  Actually,  the  purifi¬ 
cation  process  of  crude  glycerol  starts  with  neutralization  with  an 
acid,  and  then  water  and  alcohol  are  removed  to  produce  80-88% 
pure  glycerol  that  is  easy  to  be  sold  as  crude  glycerol  in  market.  For 
more  purification  with  complex  operations,  the  glycerin  is  distilled 
to  99%  or  higher  purity  and  it  is  sold  to  the  cosmetic  and  pharma¬ 
ceutical  markets.  Therefore,  it  is  the  necessity  of  present  and  future 
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markets  to  develop  some  new  outlets  for  crude  glycerol  resulting 
from  biodiesel  production.  Equally  important  is  the  development  of 
a  more  sustainable  refining  processes  and  more  economical  plants. 

Research  and  development  of  new  uses  for  glycerol,  it  is  real¬ 
istic  hope  for  the  industries  to  increase  crude  glycerol  prices  in 
upcoming  market.  The  new  applications  may  involve  a  large  scale 
production  after  their  commercial  recommendation.  The  market  of 
glycerol  can  be  expected  to  be  stable  enough  while  at  the  same  time 
the  price  of  glycerol  can  rise  if  these  huge  utilizations  of  glycerol 
become  successful  on  commercial  scale.  It  is  anticipated  that  the 
new  applications  of  crude  glycerol  may  strengthen  the  market  of 
glycerol  and  indirectly  support  to  reduce  biodiesel  production  cost. 
There  is  still  opportunity  to  explore  more  valuable  applications  of 
crude  glycerol  to  boost  up  biodiesel  production  and  to  become  a 
vital  part  of  renewable  energy. 

There  are  several  developments  in  various  stages  of  the  research 
pipeline  which  may  add  values  and  may  provide  a  new  outlet 
for  glycerol  industry.  These  developments  include  new  applica¬ 
tion  of  crude  glycerol  as  second  generation  biofuels,  industrial 
chemical/biological  products  and  livestock  feed.  If  the  new  outlets 
for  glycerol  come  to  fruition,  the  price  of  crude  glycerol  may  be 
expected  to  increase  in  future.  The  level  of  glycerol  market  increase 
depends  on  new  value-added  utilization  of  crude  glycerol.  If  new 
outlets  for  glycerol,  especially  crude  glycerol  do  not  pan  out,  glyc¬ 
erol  prices  will  continue  to  lag  as  experienced  in  past.  Then,  excess 
quantity  of  crude  glycerol  might  be  sold  as  a  waste  product  or  might 
be  used  just  in  incinerators  to  heat  industrial  boilers.  In  fact,  glycerol 
is  not  a  waste  product  but  has  been  a  staple  chemical  compound 
in  the  world  economy  for  many  years  to  come.  Therefore  new  out¬ 
looks  for  glycerol  industry  should  be  continuously  ventured  and 
these  might  be  helpful  for  potentially  improving  the  economics  of 
biodiesel  production. 

8.  Conclusions 

Glycerol  is  a  nontoxic,  biodegradable,  biocompatible  and  versa¬ 
tile  substrate  that  may  be  converted  into  numerous  chemicals  or 
bio-based  products.  The  crude  glycerol  production  will  increase  in 
future  due  to  increasing  consumption  of  biodiesel.  The  crude  glyc¬ 
erol  market  is  a  complex  and  volatile  which  is  mostly  dependent  on 
its  global  demand  and  supply.  The  demand  and  supply  of  glycerol, 
especially  from  the  booming  biodiesel  industry,  is  directly  corre¬ 
lated  with  its  utilization  and  new  outlets.  There  have  been  many 
changes  in  the  crude  glycerol  market  over  the  last  two  decades.  For 
that  reason,  it  is  difficult  to  develop  a  model  to  predict  future  spot 
prices  of  crude  glycerol.  New  applications  of  crude  glycerol  under 
research  and  development  are  promising,  which  may  provide  new 
outlets  for  large  quantities  of  crude  glycerol  from  biodiesel  indus¬ 
try.  This  will  help  to  relieve  the  crude  glycerol  glut  and  drive  greater 
biodiesel  production  with  improvement  in  biodiesel  overall  cost. 
The  crude  glycerol  resulting  from  biodiesel  production  can  make 
a  handsome  place  in  global  market  by  using  it  as  a  source  of  feed¬ 
stock  for  recovery  of  useful  chemicals.  It  can  be  used  as  an  additive 
in  different  fuels  formulations  apart  from  pharmaceutical  and  bio¬ 
chemical  fields. 
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